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We report a high energy and high angular resolution angle resolved photoemission s2tifaSe
at temperatures both above and below the charge-density-wave (CDW) transition. In the normal state,
an extended saddle band very close to the Fermi energy was observed. The CDW-induced energy
gap is near zero on a well defined Fermi surface and large in the extended saddle band region. The
implication of these results on the CDW mechanism is discussed. [S0031-9007(98)06472-2]

PACS numbers: 71.45.Lr, 79.60.Bm

Many layered transition-metal dichalcogenides, in thei2H-TaSe. In the normal state, we observed an extended
various polytypes, exhibit a range of charge-density-wavaaddle band alonfj-K. This band is nearly flat and very
(CDW) transitions. The structural and transport propertieslose toEg, much closer than what band theory predicts. A
associated with the CDW have been well studied [1]well defined Fermi surface was observed nearlttmoint.

In general, compounds with th&T structure, such as Another Fermi surface, although somewhat ambiguous,
1T-TaS, have a strong first order CDW transition. The was also observed near ti&e point. In the CDW state,
in-plane resistivity increases in the CDW state. On thehe energy gap is found to be near zero on the well defined
other hand, compounds with tH&¥ structure, such as Fermisurface and large in the extended saddle band region.
2H-TaSe, have a weak second order CDW transition. Single crystal samples &H-TaSe were grown using
The in-plane resistivity decreases in the CDW state. the iodine-vapor transport method. ARPES measurements
2H-TaSe undergoes an incommensurate CDW tran-were carried out at the Ames-Montana ERG-Seya beam
sition at 122 K, followed by a commensurate CDW line at the Synchrotron Radiation Center, in Stoughton,
transition at 90 K [1]. In the commensurate CDW state Wisconsin. A movable 50-mm-radius hemispherical elec-
the material has & X 3 superlattice aligned along the tron energy analyzer was used. The combined (electron
same axes as the unreconstrudted 1 lattice. 2H-TaSe  and photon) energy resolution of the photoelectron spec-
is one of the first materials to be studied by angle resolvettometer was 30 meV at 1.5 eV pass energy and 21 eV
photoemission (ARPES) [2]. The energy resolutionphoton energy. The angular resolution of the electron ana-
was rather poor at that time and the measurements welgzer was=1°, which corresponds to a momentum resolu-
usually made at room temperature. In recent years, thion of 0.073 A~! for measurements near the Fermi level
energy and angular resolutions have gradually improvedsing 21 eV photons. Single crystal samples were ori-
and cryogenic temperatures can be achieved. Setith ~ ented using x-ray Laue diffraction prior to mounting in the
[3] first carried out ARPES studies @fH-TaSe in the chamber. Clean surfaces were obtained by cleaving the
presence of CDW. The CDW-induced energy gap neasample in a vacuum better thanx 107! Torr. Samples
the Fermi energyEg) was not investigated, probably due were cooled to 20 K using a closed cycle helium refrigera-
to insufficient energy resolution. More recently, Dardeltor. A resistor heater was used to heat the sample above
et al. [4] performed ARPES measurements2df-TaSe  the CDW transition temperatures. Fermi level reference
using a high energy resolutiofAE = 20 meV) but  was obtained on a clean platinum foil which was in elec-
moderate angular resolutiofx=3°) spectrometer. They trical contact with the sample.
measured the spectra at two emission angles along the Figure 1 shows the energy distribution curves (EDC’s)
I'-K direction above and below the CDW transition in the normal stat¢7 = 125 K) for k& points along three
temperature, and found that the CDW-induced spectrdines in the Brillouin zone. Figure 1(a) is féralongl'-K;
changes neaFEyr are very different at these two angles. Figs. 1(b) and 1(c) are fok along two lines parallel to
Because of their limited angular resolution, the detailedbut slightly away fromI'-K (see the inset of Fig. 1). The
angular dependence of the energy gap was not determinekl. and k, values marked along each curve, in'A are
ARPES studies of the CDW-induced spectral changemomentum components parallel and perpendicul&r-16,
in the quasi-one-dimensional blue bronzes;{MoO; respectively. Thd™ andK points are atk,, ky,) = (0,0)
and RB3;MoOs;) and (TaSe),l have been reported and(1.22,0), respectively. All spectra were normalized
by Dardelet al. [5] and Terraskt al. [6], respectively. to photon flux. In Fig. 1(a), there is very little spectral

In this Letter, we report a high energy and high angulaintensity at Er at (k., k,) = (0.36,0) (bottom curve).

resolution AE = 30 meV, A§ = *=1°) ARPES study of [The EDC's for (., k,) before (0.36,0) (not shown) all

5762 0031-9007798/80(26)/5762(4)$15.00 © 1998 The American Physical Society



VOLUME 80, NUMBER 26 PHYSICAL REVIEW LETTERS 29 UNE 1998

2H-TaSe, - i — 7
A/c/ls
hv=21 eV )
T =125K A
M

(@) T I ! I k,=0.00

Intensity (arb. units)

S — 1 036 | I AN I ! PN
04 03 02 01 00 -01 04 03 02 01 00 -01 04 03 02 01 00 -01
Binding energy (eV) Binding energy (eV) Binding energy (eV)

FIG. 1. Energy distribution curves (EDC's) in the normal stdte= 125 K), for k points along three lines in the Brillouin zone:

(a) alongI'-K; (b) and (c) along two lines parallel to but slightly away frdirK. Thek, andk, values marked along each curve,

in A=, are momentum components parallel and perpendiculdi-£0, respectively. Thd" andK points are atk,,k,) = (0,0)
and(1.22,0), respectively. All spectra are normalized to photon flux. The inset (top) shows the irreducible wedge of the Brillouin
zone with the Fermi surfaces predicted by band calculations [A}L k( = 0; B: k, = 27 /c; C: k, = w/c. The separations
between them indicate the amount iof dispersion.) The three lines corresponding to zhpoints in (a), (b), and (c) are also
indicated.

have very low intensities aEr.] When (k, k,) is  spectral feature neakr becomes broader and its line
changed t00.44,0), a strong quasiparticle peak appearsshape changes from a peak to a shoulder, suggesting that
at Eg, suggesting that a band has moved from abbyve the band may have crossdt: at (k. k,) = (0.85,0).

to belowEr at this point. Thus(k,, k,) = (0.44,0) isa  This Fermi crossing, however, is not as well defined as
point on the Fermi surface. Asis further increased, the the first Fermi crossing, since there are still substantial
peak splits into two peaks. One disperses to a maximurapectral intensities neatr beyond (k,, k,) = (0.85,0).
binding energy of about 0.25 eV before dispersing backrhe flat band probably remains ne&.

toward Eg; the other stays close tBg for an extended In Figs. 1(b) and 1(c), we see a similar general trend.
region, as indicated by the vertical dashes (the dashes aviéell defined Fermi crossings can be observed atk,) =
placed at the apparent peak positions, which are not th@.36, —0.07) and (0.33, —0.15) in Figs. 1(b) and 1(c),
true binding energies, as will be explained below). Noterespectively. These Fermi crossings, along with the one at
that the latter is extremely close #: and very narrow (ky, k,) = (0.44,0), form a Fermi surface locus centered
since the Fermi level (the vertical dashed line) lies aboven the I' point. Note that, in Fig. 1(b), the nedfg

the midpoints of the leading edges. When a peak is closkand disperses significantly beldw: in the midrange, as

to Eg, the apparent peak position is not the true bindingndicated by the vertical dashes. As the band disperses
energy due to the effect of the finite resolution function.back towardEf, it appears to cros€r at (ky,ky) =
When (k,, k,) is changed from(0.79,0) to (0.85,0), the  (0.85,—0.07). In Fig. 1(c) wherek points are along a line
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further away fromI'-K, the band disperses even further T T I I T T
below Er in the midrange, and appears to crdss at 2H-TaSe, 125K
(ky,ky) = (0.85,—0.15). The second Fermi crossings in hv=21eV
Figs. 1(b) and 1(c) are more obvious than the one in
Fig. 1(a) because the band has a finite dispersion. The
fact that this band stays close # for an extended
region alongl’-K and disperses belowr in the direction
perpendicular td-K in the midrange suggests that it is an
extended saddle band.

Shown in the inset of Fig. 1(top) is the irreducible
wedge of the Brillouin zone along with the Fermi surfaces
calculated by Wexler and Woolley [7]. (The lines labeled
A, B, and C correspond to the Fermi surfaces flor =
0,27 /c, w/c, respectively. The separations between them
indicate the predicted amount & dispersion.) The
observed Fermi crossings are in good accord with the
calculations.

Figure 2 shows the EDC'’s in the commensurate CDW
state(T = 20 K) for the same set ot points alongl’-K
as in Fig. 1(a) (in terms of the unreconstructeg 1 Bril-
louin zone). Again, the spectra were normalized to photon
flux. For comparison, the EDC'’s in the normal stéfe=
125 K) were superimposed as the dashed curves. It can
be seen that the CDW-induced spectral changes are highly
k dependent. At(k,,k,) = (0.44,0), which is a Fermi
surface crossing point, the change néaris relatively
small. The leading edge is slightly sharper at low tempera-
ture, which can be accounted for by the reduced thermal
broadening. The Fermi level remains above the midpoint arpis | 0

intensity (arb. units)

.................

] 1
of the leading edge, indicating that the CDW-induced en- -05 04 -03 -02 -0.1 00 0.1

ergy gap is very small or near zero. Ha, k,) beyond
(0.44,0), the spectral changes are much more dramatic.
Note that the leading edges shift significantly towardriG. 2. EDC's in the commensurate CDW stafe £ 20 K,
higher binding energies at low temperature, indicating thesolid curves), for the same set df points alongI'-K as
removal of electronic states from the Fermi level. in Fig. 1(a) (in terms of the unreconstructédx 1 Brillouin
During the experiment, measurements were repeategggﬁé' q IH?VESchorSC'Q;]hgr?SO&Tal state are superimposed as the
several times as the sample went through temperature P '
cycles between 20 and 125 K. The spectra were repro-
ducible and no surface degradation was detected. Me&trictly speaking, a gap can be defined only on the Fermi
surements with small temperature increments between 2urface. Here, we also use the term “gap” for the ex-
and 125 K showed that the spectral change is correlatei@nded saddle band region, since there are statesHpear
with the CDW transition. As the sample temperatureat thosek points and they are affected by the CDW forma-
was changed from 20 to 125 K, the thermal expansion ofion. As can be seen, the energy shift is near zero &t
the sample holder (made of copper) was approximatelp.44 A~!, which is a Fermi crossing point. It increases to
0.2 mm. The photon spot was about 0.6 mm in diamefinite values in the extended saddle band region. At larger
ter. Measurements were made both with and without thevave vectors alon@-K (k > 1.05 A~"), the energy shift
sample height adjusted to compensate for the thermal exemains large (comparable tb = 1.05 A™!), but the
pansion. The spectra were qualitatively similar but didspectral intensity aEr diminishes. Temperature depen-
show some intensity difference, part of which may be dualent measurements were made at other points on the Fermi
to sample inhomogeneities, part of which may be due tsurface centered on the point, including a point along
slightly different alignment. I'-M, the CDW wave vector direction. The energy shifts
To quantify the momentum dependence of the energgt thosek points are all near zero [8].
gap, we estimate the energy shift between the leading edge Shown in Fig. 3(b) are the band dispersions (solid
midpoints in the normal and CDW state. Different meth-circles) extracted from the EDC's in Fig. 1(a). The solid
ods of determining the gap might change the numberiines are the band calculation results by Wexler and Wool-
slightly, but will not change the curve shape. The energyey [7]. The calculation predicts two bands ndgf, both
shift as a function ok alongI'-K is plotted in Fig. 3(a). derived from thed,: orbital of the Ta5d electrons. The
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30 , , ; : : saddle points on the Fermi surface [10]. In their model,
sl @ | the CDW phase is metallic with only a relatively small
N { area of the Fermi surface truncated at the saddle points.
g 20} { - These saddle points act as scattering sinks in the normal
= sk { i state and their removal can lead to an enhancement of the
E conductivity. The validity of this model was questioned by
; 10| { { { . Wexler and Woolley [7] since their calculations place the
o0 5| { { { | saddle point quite far belowr. As we have shown above,
z the saddle band is indeed very closeFig moreover, the
©® o . energy gap is large in the saddle band region and small on
] ! \ ! . . the other parts of the Fermi surface. Our results suggest
00 02 04 06 08 10 12 that the Rice-Scott model might be relevant. However,
r k (A'l) K we observed an extended saddle band instead of a single

saddle point as in the Rice-Scott model. The nesting
property of the extended saddle band and its relation to
the CDW wave vector are not yet clear and need further
investigations.

In summary, we performed high energy and high angular
resolution ARPES measurements2#h-TaSe at tempera-
tures both above and below the CDW transition. In the
normal state, we observed an extended saddle band along
I'-K, which lies very close t&g, much closer than band
theory predicts [7]. In the CDW state, the energy gap is
found to be large in the extended saddle band region and

-0-‘(1)'00"”"’ 012 0‘4 06 o8 1'0 12 near zero at other parts of the Fermi surface. We suggest
T ’ k(;\']) ’ ' X that our data provide possible experimental support for

the “saddle-point” CDW mechanism proposed by Rice and
FIG. 3. (a) The energy shift vsalongT-K. The energy shift Scott [9].
is taken as the binding energy difference of the leading edge This work is based upon research conducted at the
midpoints in the normal and CDW state spectra. (b) NormalSynchrotron Radiation Center, University of Wisconsin-
state band dispersions alodgK extracted from the EDC's in Madison. which is subported by the NSF under Award
Fig. 1(a) (solid circles). The solid lines are the band calculatiorN ! bp by d f
results by Wexler and Woolley [7]. 0. DMR-95-31009. Ames Lal o.ratory was operated for
the U.S. DOE by lowa State University under Contract
No. W-7405-ENG-82. Support of the Natural Sciences

splitting between the two bands is caused by intersandwich,4 Engineering Research Council of Canada is also
interaction within a unit cell. The two bands are aImOStacknowIedged.

degenerate as they croBg, once closer to thd' point,

and again closer to th& point, forming the two Fermi

surfaces depicted in the inset in Fig. 1. Experimentally, (1] For reviews, see J.A. Wilson, F.J. DiSalvo, and
we also observed two bands. However, the dispersion of ~ s, Mahajan, Adv. Phys24, 117 (1975); R.V. Coleman
one band is larger than predicted, and that of the other is et al., Adv. Phys.37, 559 (1988).

much less. We note that Wexler and Woolley used a non-[2] N.V. Smith and M. M. Traum, Phys. Rev. B1, 2087
self-consistent and nonrelativistic method in their calcu- (1975).

lations. It is highly desirable to have a density functional [3] N.V. Smith, S.D. Kevan, and F.J. DiSalvo, J. Physl&
calculation based on full potentials and including spin-orbit 3175 (1985).

coupling. Our data should be compared with such a cal-[4] B. Dardelet al.,J. Phys. Condens. Mattéy 6111 (1993).
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